Untethered small-scale soft robots can potentially be used in healthcare and biomedical applications. They can access small spaces and reshape their bodies in a programmable manner to adapt to unstructured environments and have diverse dynamic behaviors. However, the functionalities of current miniature soft robots are limited, restricting their applications in medical procedures. Taking the advantage of the shape-programmable ability of magnetic soft composite materials, here we propose an untethered soft millirobot (jellyfishbot) that can swim like a jellyfish by time-and trajectory-asymmetric up and down beating of its lappets. Its swimming speed and direction can be controlled by tuning the magnitude, frequency, and direction of the external oscillating magnetic field. We demonstrate that such jellyfishbot can perform several tasks that could be useful towards medical applications, such as delivering drugs, clogging a narrow tube or vessel, and patching a target area under ultrasound imagingbased guiding. The millirobot presented in this paper could be used inside organs filled with fluids completely, such as a bladder or inflated stomach.
INTRODUCTION
Miniature robots with sizes ranging from tens of micrometers up to several centimeters [1] have significant potential on environmental exploration and remediation [2] [3] , surveillance [4] , and healthcare applications [1] , [5] . Specifically, untethered medical miniature robots could access to delicate and narrow regions of the human body, such as inside the eye, brain, bladder, blood vessels/capillaries, and gastrointestinal tract. They can provide minimally invasive disease diagnosis and treatment [1] , [5] - [10] . In contrast to existing rigid-body miniature robots [5] , [11] , soft miniature robots are shape-programmable with very high degrees of freedom and can adapt to environmental constraints physically [12] , [13] . They have greater potential to realize high mobility and achieve multiple functionalities towards biomedical applications. Among various active soft materials to create untethered soft miniature robots [14] - [20] , magnetic soft composite materials are promising for medical applications [13] , [21] , [22] due to three reasons. First, high magnetic fields used as the actuation input can safely penetrate the human body without damaging living tissues [23] , [24] . Next, magnetic fields can be specified not only in magnitude but also in 3D direction and spatial gradient, which provides a large actuation control space [21] . Last, the magnetization profile of magnetic soft composite materials can be programmed flexibly, which can be exploited to achieve complex and high-spatial-resolution shape deformations [21] .
In previous studies, magnetic soft composite materials have been applied to achieve high-performance locomotion in different working conditions, such as swimming on the water surface [25] or within the viscous fluid [12] , moving across the wet slippery area [26] , and negotiating unstructured environments with multiple locomotion modes [13] . Apart from the locomotion performance, some of these robots also demonstrate their functionalities towards medical uses. The robot presented in [26] can carry a capsule that is much heavier than its body weight. However, the capsule is stick to the robot body and cannot be released at the desired position. The robot developed in [13] shows preliminary results of soft robotic basic pick-and-place and cargo-release functions. Up to now, the functionalities of soft miniature robots are still limited, restricting their use in medical applications. Further enhancing the functionalities of small-scale soft robots has not been resolved yet.
In this paper, we propose a jellyfish-inspired soft millirobot made of magnetic soft composite materials towards achieving multiple medical tasks. As one of the most successful and widely-spread oceanic creatures around the world [27] , jellyfish ephyra possesses a body size ranging from several millimeters to one centimeter and adopts paddling motion for both swimming and predation in moderate Reynolds numbers [28] , [29] . The ephyra jellyfish provides an ideal paradigm to smallscale swimming robots that have similar characteristic length scale and work in similar fluid environments. We experimentally demonstrate that the robot inspired by jellyfish can achieve several medical tasks, including delivering cargo, clogging the narrow tube, and patching the target through ultrasound guiding. These functionalities could enable the robot to be applied to a treatment process inside organs filled with a fluid, such as a bladder and inflated stomach.
II. DESIGN AND FABRICATION
The design parameters of the robot can be found in Fig. 1a i. The robot body is composed of two parts: the active part that works like muscles to achieve the paddling motion, and the passive part that fills the gaps of the active part, making the body into a continuous hydrodynamic surface. The active part of the body is made of soft magnetic material that can deform under external B field. Following the fabrication procedure presented in Hu et al. [13] , we prepare the material by mixing the neodymium-iron-boron (NdFeB) magnetic microparticles (MQP-15-7, Magnequench; average diameter: 5 µm) with the polymer (Ecoflex 00-10, Smooth-On Inc.) by a mass ratio of 1:1. The mixture is cast onto a poly(methyl-methacrylate) (PMMA) plate coated with parylene-C. The polymer is cured at 60℃ to form a thin membrane with a thickness of around 96 µm ( Fig. 1b -i). The geometry of the active part is cut out from this thin membrane using the laser cutter ( Fig. 1b-ii) . After moving the active part from the flat plate, a water droplet is dropped on it using a pipette. The active part can immediately wrap the water droplet and form an ellipsoidal shape under the surface tension ( Fig. 1b-iii) . Then the active part is put into a fridge to be frozen to keep the ellipsoidal shape. The ellipsoidal active part is magnetized by a 1.8 T uniform magnetic field inside a vibrating sample magnetometer (VSM, EZ7, Microsense). After magnetization, the gaps of the active part are filled with a non-magnetic elastomer (Ecoflex 00-10) to form a thin-layer film with a thickness of around 20 µm ( Fig. 1b -iv). The snapshot of the final robot is shown in Fig. 1a -ii. Figure 1 . Design and fabrication of the jellyfish-inspired soft millirobot with 8 lappets similar to ephyra: (a) The design parameters of the robot are shown in (i) and the snapshot of the final robot is shown in (ii). (b) The fabrication process steps: (i) The magnetic soft composite material is cast onto a PMMA plate. The material is cured at 60℃ to form a thin membrane; (ii) The active part of the robot is cut out from the magnetic soft composite material membrane using the laser cutter; (iii) The active part is shaped into an ellipsoid using a frozen ice jig. It is magnetized by a 1.8 T uniform magnetic field; (iv) The gaps of the active part are filled with a non-magnetic elastomer.
III. MAGNETIC ACTUATION AND STEERING STRATEGY
All the experiments are conducted in a custom-made electromagnetic coil system, which can provide B field with magnitude ranging from 0-20 mT, with the global system fixed at its center. The body-attached frame ( % % % ) moving along with the robot is shown in Fig. 2 . The robot swims in a transparent water tank put at the center of the working space. The deformation of the robot depends on the magnitude of the external B field. When applying a constant B field along % direction, the robot can bend either upwards ( ' ( >0) or downwards ( ' (<0). The bending amplitude can be tuned by adjusting the magnitude of the B field ( Fig. 2) . However, the experiments also show that there exists a saturation magnitude, which is around 10 mT, so that the deformation of the body doesn't increase with an even larger B field. If we apply a B field oscillating along % axis (for example, by applying the waveforms shown in Fig. 4a ), the robot can continuously beat up and down, realizing the paddling motion inspired by a real jellyfish [29] Since the net magnetic moment of the robot is always aligned with its body central axis, i.e., the Y' direction of the body-attached frame (the red coordinate system plotted in Fig. 2 ), the robot always tends to align its body central axis to the direction of the external B field. Therefore, the robot can be steered by simply changing the oscillating axis of the external B field. 
IV. MODELING OF THE PROPULSION PERFORMANCE
To better understand the relationship between the robot kinematics and its propulsion performance, a simplified dynamic model is developed in this section. During propulsion, following forces are considered to act on the robot body and cause the changing of the robot acceleration: the thrust force produced by the paddling motion, the drag force acting on the bell-shaped body, the added mass force resulting from accelerating the surrounding fluid, and the gravity force . According to Newton's second law, the following equation holds at each time instant:
(1) where m is the mass of the robot and is measured to be 2.05 × 10 <= kg. is the instantaneous velocity of the robot. The drag-based thrust force provided by the paddling motion is estimated with a simple fluid-solid interaction model. The robot body is represented as a bell-shaped surface consisting of many stripe rings with infinitesimal width, which is assumed to move against to the flow with velocity ( Fig. 3a) . The wetted area of each stripe ring is approximated with the lateral surface of a circular truncated cone expressed as:
The thrust force can be estimated from [30] :
where is the beating angle defined in Fig. 3b , @4ABCD is the drag coefficient of the stripe ring, which is 1.98 following [30] . is the water density. The drag force is calculated as [30] :
where SDTT is the instantaneous projection area of the robot body, and SDTT is the drag coefficient. SDTT is calculated as:
where = 2.5 is the radius of the robot body. We assume the drag acting on the bell-shaped body is close to the drag acting on a sphere translating in flow, and therefore SDTT can be estimated using the following equation [31] :
The added mass force is estimated by assuming the body accelerates along with the water within the hemi-ellipsoid subumbrella cavity [30] :
where the added mass coefficient and the sub-umbrella volume are [30]: The deformation of the robot body is determined by both the internal stress, the magnetic torque and the hydrodynamic force, and is hard to predict. Therefore, is directly measured form the high-speed videos. When the robot beats upwards and reaches an extreme position, reaches its maximum value, yz{ . When the robot beats downwards and reaches another extreme position, reaches its minimum value, yBt (Fig. 3b ). According to the change in , the motion of the robot in one cycle can be divided into three phases. During the recovery phase, changes from yBt to yz{ with angular velocity A in time period A . During the contraction phase, changes from yz{ to yBt with angular velocity w in time period w . During the glide phase, keeps constant in time period ~. For simplicity, we assume w and A are constant. Therefore, by measuring yz{ , yBt , w , and A , we can determine w and A as:
The instantaneous velocity of the robot is numerically solved using the Runge-Kutta method in Matlab (version 2018a, Mathworks). For each case, is calculated for eight complete cycles. The average swimming speed is calculated by integrating the instantaneous velocity of the last five cycles. The results are presented in Fig. 5 .
V. CHARACTERIZATION OF PROPULSION PERFORMANCE
We preliminarily investigate the propulsion performance of the robot under control signals with different magnitudes and frequencies. Two waveforms of the control signals are used in this paper and shown as large amplitude and small amplitude signals in Fig. 4a . They only differ in their peak value. In the first characterization experiment, we let the robot swim directly from the tank bottom using these two waveforms with actuation frequency of 10 Hz. The kinematics during one propulsion cycle (Fig. 4b ) and the variations of the beating angles within two consecutive cycles (Fig. 4c ) are obtained. Compared to the control waveform with a smaller peak value, the control signal with a larger peak value induces a larger beating amplitude and a higher beating angular velocity, resulting in a larger traveling distance per cycle and a higher swimming speed.
To see the influence of the actuation frequency on robot performance, we then increase the actuation frequency of the control signals from 5 Hz to 40 Hz to control the robot to swim straightly upwards from the tank bottom. Each trial is repeated for five times. The variations of the beating amplitude and the average swimming velocity are shown in Fig. 5 . From the experiments, we observe that the beating amplitude of the robot monotonically decreases with the increasing frequency (Fig.  5a ). This is because the hydrodynamic force from the surrounding fluid works as a damping force that prevents the deformation of the robot body. Since the hydrodynamic force acting on the robot is positively related to the beating velocity, the higher the actuation frequency is applied, the larger the damping force is produced and the smaller the deformation of the robot is obtained. Therefore, when the robot is actuated at high frequency, compensation to the magnitude of the external B field is required to reach the desired deformation. Although higher actuation frequencies tend to increase the number of beatings within a given period, they decrease the beating amplitude at the same time (because it is harder for the robot to follow actuation signals with higher frequencies). These two factors bring up contradictory influences on the swimming velocity. Both the experiment results and the prediction from the simplified dynamic model suggest that the robot can reach a peak swimming speed at an actuation frequency between 10-20 Hz (Fig. 5b) . When the frequency continues to increase, the swimming speed decreases along with the decrement in beating amplitude. The average swimming speed obtained using smaller amplitude signal drops faster than larger amplitude signal, and even becomes negative at 40 Hz. The investigation on actuation frequency shows that there exists an optimal actuation frequency to a given control signal waveform. A more accurate dynamic model that incorporates the influence of the hydrodynamic force on the material deformation (fluid-structure interaction) would help us find the optimal control scheme in the future. 
VI. DEMONSTRATION OF FUNCTIONS TOWARDS MEDICAL
APPLICATIONS Untethered miniature robots are anticipated to be able to conduct various clinical medical functions in the future, such as realizing local drug delivery, embolization, and patching cancerous tissues or wounds [1] , [9] inside stagnant fluid-filled organs, such as bladder or inflated stomach, and being guided by ultrasound to realize high-precision position control [13] . In this section, we demonstrate preliminary experiments to show that our robot could have the potential to achieve these functions.
First, we demonstrate the robot has the ability to swim across a barrier while carrying a cargo and then releasing the cargo at a desired position. A polystyrene bead (Polysciences, Inc., density: 1.05 g/cc, diameter: 1 mm) is desired to be delivered from right to left separated by an obstacle (5 mm in width and 15 mm in height in Fig. 6 ). At the beginning, the robot rests on the tank bottom with the polystyrene bead stick to the robot body within the sub-umbrella region. Then we apply an oscillation B field with the waveform of small amplitude (the blue profile in Fig. 4a ) at a frequency of 15 Hz to let the robot swim close to the obstacle. Since the control signal induces a small body deformation, the bead is firmly attached to the robot body at this stage. When the robot reaches the height of the obstacle, we gradually rotate the oscillating direction of the B field and steer the robot to bypass the obstacle. After the robot swims away from the obstacle, we suddenly change the orientation of the oscillating axis of the B field from horizontal to vertical and switch the control waveform from small amplitude to large amplitude (the red profile in Fig. 4a ) in order to induce a larger beating amplitude to shake the bead off rapidly. The whole process is shown in Fig. 6 and the first scene of the Video part 2. This demo suggests the potential of the robot to be steered in unstructured environments and realize drug delivery and sampling. Second, we show that the robot can swim into and clog a narrow tube or channel actively. Such clogging is inspired for embolization medical applications, where a blood vessel or the fallopian tube is clogged using different methods due to some vascular aneurysms or to control birth for women, respectively [32] , [33] . A cylindrical tube with a diameter of 3 mm is created right above the robot. The robot is controlled to swim from the tank bottom by applying the control signal with the waveform of large amplitude (the red profile in Fig. 4a ) at an oscillating frequency of 15 Hz. The robot is then navigated into the tunnel and docks at the orifice. When the magnetic B field is turned off, the robot can still stay at the orifice due to the friction between the body and the inner wall of the tunnel. To demonstrate the tunnel is indeed blocked, we use a pipette to pump beads from the top of the tunnel. Almost all of the beads are restricted within the tunnel, providing an extra pressure of around 118 Pa on the robot body. The whole blocking process is shown in Fig. 7 and the second scene of the Video part 2. Lastly, we demonstrate the possibility of the robot to patch a target surface mimicking cancerous tissue inside a bladder organ phantom while guiding it under ultrasound imaging. This experiment is motivated by the treatment of the early stage of bladder cancer. Current approaches for treatments include transurethral resection of bladder tumor (TURBT) [34] , radiation therapy, and chemotherapy [35] . However, these methods may either cause pain, complications, or irreversible damages to healthy tissues [35] , [36] . Our proposed miniature robot as the active patch could deliver chemotherapy drugs locally to the cancer tissue after attaching to reduce any side effects to the patient. This experiment is conducted in a Helmholtz coil system with large working space for inserting the ultrasound probe easily (Fig. 8a-i) . To mimic the in vivo biological environment of a bladder, a bladder phantom is made by filling water into a latex balloon ( Fig. 8a-ii) . The probe of the ultrasound imaging platform (Fujifilm Vevo3100 Imaging System) is inserted from the top of the coil system and pushed onto the surface of the phantom to locate the initial position of the robot (Fig. 8b-i) . When applying the control signal of a large amplitude waveform (the red profile in Fig. 4a ) at an oscillating frequency of 15 Hz, the robot can immediately swim upwards and finally patches to the upper wall of the phantom (Fig. 8biv) . The whole process is shown in Fig. 8b and the last scene of the Video part 2. In the future, the drugs can be loaded on the robot body and released directly at the affiliated point. For example, we can replace the non-magnetic soft material with gelatin [37] containing drugs. After the robot patches to the target, the drug can be released slowly and continuously.
Moreover, the experiment also shows the position of the robot can be tracked in real-time by ultrasound imaging. Such a technique can provide closed-loop feedback control for future precise positioning of the robot in the future.
VII. CONCLUSION AND FUTURE WORK
A jellyfish-inspired soft millirobot is proposed using magnetic soft composite materials. Its control can be realized by simply tuning the waveform, frequency, and oscillating direction of the external magnetic field. Preliminary investigations have been conducted to find the relationship between its propulsion speed and the input control signal. When the actuation frequency increases, the beating amplitude of the robot monotonically decreases due to the hydrodynamic damping force. Both the experimental data and the modeling prediction suggest the existence of an optimal actuation frequency to a certain control waveform. Preliminary experiments have demonstrated that the robot could realize multiple potential medical functions inside organs filled with a stagnant fluid by delivering cargo (e.g., drug) locally, clogging a narrow tube for embolization, and patching a cancer tissue region or wound under ultrasound imaging. As future works, these functions will be demonstrated in in vivo small animal models and the robot's position control will be semi-automated using ultrasound image feedback.
